[1] We present electric and magnetic fields measured at multiple stations between about 300 and 800 m of a cloud-to-ground ''bipolar'' lightning flash containing two initial positive strokes, separated in time by 53 ms and striking ground at two locations separated by about 800 m, followed by four negative strokes that traversed the same path as the second positive stroke. The leader electric field durations for the positive first, positive second, and negative third strokes were about 120 ms, 35 ms, and 1 ms, respectively. The first-stroke leader electric field changes measured at five stations ranged from about +16 to +35 kV/m, the second stroke +8 to +13 kV/m, and the third stroke À0.9 to À1.8 kV/m (atmospheric electricity sign convention). The microsecond-scale return stroke waveforms of the first and second (positive) strokes exhibited a similar ''slow-front/ fast-transition'' to those observed for close negative first strokes. The peak rate-of-change of the positive first stroke electric field normalized to 100 km was about 20 V m À1 ms À1 , similar to the values observed for close negative first strokes. The positive second stroke was followed by a long continuing current of duration at least 400 ms, while the positive first stroke had a total current duration of only about 1 ms. All four negative strokes were followed by long continuing current, with durations ranging from about 70 ms to about 230 ms. The overall flash duration was about 1.5 s. 
Introduction
[2] Jerauld et al. [2008] have described the measurement of the close electric and magnetic fields of stepped leaders and first return strokes in 18 cloud-to-ground lightning flashes that lowered negative charge to Earth. The field measurements were made simultaneously at multiple stations located between 100 m and 1 km from the lightning strike points, the multiple stations being arrayed over an area of about 1 km 2 . In the course of these measurements, one unusual lightning flash, producing two channel terminations on ground and containing two strokes that lowered positive charge followed by four strokes that lowered negative charge, was observed. That ''bipolar'' lightning flash is the subject of the present paper which gives the first well documented description of a natural downward bipolar lightning flash. Additionally, electric and magnetic field measurements for the two positive strokes are among the closest and most detailed that have been made for any positive strokes.
[3] ''Positive lightning,'' cloud-to-ground lightning that lowers positive charge to ground, accounts for roughly 10% of all cloud-to-ground lightning worldwide, although there is significant local and seasonal variability . Positive discharges comprise the majority of flashes in some winter storms (e.g., 60% in December in Japan according to Hojo et al. [1989] ), while negative lightning is generally dominant in summer thunderstorms. Brook et al. [1982] found that positive flashes accounted for about 40% of cloud-to-ground flashes in winter storms in Japan. Using U.S. National Lightning Detection Network (NLDN) data from 1992 to 1995, Orville and Silver [1997] reported that the monthly percentage of positive flashes over the contiguous United States ranged from about 3% in August 1992 to about 25% in December 1993. In a similar study using NLDN data from 1995 to 1997, Orville and Huffines [1999] reported monthly percentages of positive flashes ranging from about 6% in July 1995 to about 25% in January 1996. There is a tendency for positive lightning to occur during the dissipating phase of individual thunderstorms [e.g., Fuquay, 1982] , regardless of the season, and in the trailing and final stages of mesoscale storm systems [e.g., Orville et al., 1988] .
[4] The following are observed properties generally thought to be characteristic of positive lightning discharges [e.g., Rakov and Uman, 2003 ].
[5] 1. Positive flashes are usually composed of a single stroke (99.6% according to Lyons et al. [1998] ), whereas about 80% of negative flashes contain two or more strokes [Rakov and Huffines, 2003] . Further, Ishii et al. [1998] observed that subsequent strokes in multiple-stroke positive flashes in winter storms in Japan always created a new termination on ground.
[6] 2. Positive return strokes tend to be followed by continuing currents that typically have durations of tens to hundreds of millisecond [Rust et al., 1981; Fuquay, 1982] , which are likely responsible for the unusually large charge transfers associated with positive flashes [Brook et al., 1982] .
[7] 3. Electric field measurements appear to indicate that positive return strokes are preceded by significant in-cloud activity lasting, on average, in excess of 100 or 200 ms [Rust et al., 1981; Fuquay, 1982] .
[8] 4. Positive discharges have been reported [Fuquay, 1982] to involve long horizontal channels, up to 10 km in extent.
[9] 5. Time-resolved optical images indicate that positive leaders appear to move through virgin air either continuously or in a stepped fashion, in contrast to negative leaders, which are always optically stepped. Further, distant electric and magnetic fields from positive discharges are less likely to exhibit clearly identifiable step pulses immediately prior to the return stroke waveform than are first strokes in negative lightning. The average downward speeds of positive leaders are similar to those of negative leaders and both generally increase as the leader nears the ground [Qie and Kong, 2007; Saba et al., 2008; Schonland, 1956] .
[10] ''Bipolar lightning,'' cloud-to-ground lightning that sequentially lowers both positive and negative charge to ground, has not been as well studied as either negative or positive lightning. The sparse data on bipolar lightning indicate that the majority of bipolar flashes is initiated by upward leaders from tall objects, events called ''natural upward lightning'' [Berger, 1978] . In the data of Berger [1978] , obtained between 1963 and 1973 at Mount San Salvatore in Switzerland, bipolar flashes accounted for 72 out of 1196 observed flashes (6%). Rakov [2005] , based on a review of literature, states that bipolar flashes may not occur less often than positive flashes, at least when tall objects are involved, with bipolar flashes constituting 6 to 14% of summer lightning in Europe and the United States and 3 to 33% of winter lightning in Japan.
[11] All bipolar lightning flashes can be divided into three categories, based on the characteristics of the current polarity reversal Rakov, 2003 Rakov, , 2005 . Bipolar flashes of Type 1 involve a current and charge polarity reversal during the initial stage of a natural upward or a rocket-triggered (rocket trailing a grounded wire) lightning discharge. This initial stage is characterized by a continuous current flow of the order of 100 A for a time of the order of tenths of a second during and following the propagation of an upward-going leader toward and into the cloud charge. Bipolar flashes of Type 2 involve a change in current and charge polarity between the initial stage of a natural upward or a rocket-triggered lightning discharge and return strokes that follow the initial stage. Type 3 bipolar flashes involve a polarity reversal between sequential return strokes. Type 3 flashes can be grouped into two subcategories, with Type 3a events being natural upward or rockettriggered lightning discharges, while Type 3b events are natural downward cloud-to-ground flashes. Thus types 1, 2, and 3a are all associated with natural upward or rockettriggered lightning discharges, while Type 3b is the only natural downward cloud-to-ground bipolar lightning and is the type of bipolar lightning discussed in the present paper. Events of Type 1 have been reported by McEachron [1939] , Davis and Standring [1947] , Horii [1982] , Hubert et al. [1984] , Akiyama et al. [1985] , Laroche et al. [1985] , and Liu and Zhang [1998] , the latter five studies being concerned with rocket-triggered lightning discharges. Events of Type 2 have been reported by Berger and Vogelsanger [1966] , Berger [1978] , Nakahori et al. [1982] , and Fernandez [1997] , the latter study being concerned with rocket-triggered lightning discharges. Events of Type 3a have been reported by McEachron [1939] , Berger and Vogelsanger [1965] , Idone et al. [1987] , Schulz and Diendorfer [2003] , and Jerauld et al. [2004] , the events described by Idone et al. [1987] and Jerauld et al. [2004] being rocket-triggered lightning discharges. Optical evidence for events of Type 3b showing strokes of opposite polarity (determined by either close or distant electric field measurements) following the same channel to ground in natural downward lightning has been reported for one flash by Jerauld et al. [2003] (the bipolar flash discussed in the present paper) and for four flashes (about 1% of their observed flashes) by Fleenor et al. [2009] . Evidence for Type 3b events from remote electric field measurements alone has been given by Nag et al. [2008] , while Makela et al. [2008] have questioned whether natural bipolar cloud-to-ground flashes can even occur.
Experiment
[12] The data on the bipolar flash to be presented here were acquired in Summer 2002 at the International Center for Lightning Research and Testing (ICLRT) , an outdoor facility located on the Camp Blanding Army National Guard Base in north central Florida. The multiple-station field-measuring experiment (MSE) at the ICLRT was designed to acquire electric and magnetic field and field derivative waveforms from the five to eight cloud-to-ground lightning flashes expected on average to strike within the roughly 1 km 2 of the MSE network per year. Most of these flashes are expected to lower negative charge to ground. Eighteen negative stepped leaders and the corresponding first return strokes acquired by the MSE in 2002 through 2004 were analyzed by Jerauld et al. [2008] . The one bipolar lightning discharge recorded by the MSE is discussed here. A sketch of the network is shown in Figure 1 , and information about the MSE measurements is presented in Table 1 , with more details being given in Jerauld et al. [2008] and Jerauld [2007] . The -2004 MSE was comprised of six electric field (E) measurements, two magnetic field (B) measurements, four electric field derivative (dE/dt) measurements, four magnetic field derivative (dB/dt) measurements, and two optical measurements located at the sites noted in Figure 1 and Table 1 . Photo-graphs of the antennas and antenna sites are found in Jerauld [2007] . Waveforms from flat-plate antennas (E, dE/dt) and vertical-loop antennas (B, dB/dt) were transmitted from the electronics associated with the antennas, via Opticomm MMV-120C fiber optic links, to the electromagnetically shielded Launch Control Trailer (see Figure 1 ) where they were appropriately low-pass filtered and digitized. The output of a field mill (measuring the cloud quasistatic electric field at ground level) was monitored by a computer which automatically armed/disarmed the MSE when conditions were conducive/nonconducive to lightning occurrence. The digitizers in the Launch Control Trailer were triggered when the output of the two optical sensors, SouthWest Optical (SWO) and North-East Optical (NEO) in Figure 1 and Table 1 , which viewed the MSE at low altitudes from opposite corners of the network, simultaneously exceeded a threshold, so data were only obtained for lightning within or very near the MSE network. Limited by the preamplifier.
shows the electric and magnetic fields of two positive leader/return-stroke sequences, separated in time by approximately 53 ms, followed by a negative leader/return-stroke sequence approximately 526 ms later. The atmospheric electricity sign convention is used. Video (for all strokes) and dE/dt (for the first stroke only) records indicate that the first and subsequent stroke ground strike points were separated horizontally by about 800 m, as depicted in Figure 1 , which shows the well-located first-stroke strike point and the less well-determined most probable strike point for all of the subsequent strokes as well as the area of uncertainty for the most probable location (see next paragraph). In addition to the electric fields of the three strokes recorded by the Yokagawa oscilloscope and shown in Figure 2 , the video shows that an additional three strokes followed the same channel as the second (positive) and third (negative) strokes. Note that the second positive stroke is referred to as a subsequent stroke, even though it followed a separate channel to ground, and thus is probably more similar in characteristics to a positive first stroke. The overall flash duration was roughly 1.5 s.
[14] The first-stroke channel was located with a twodimensional difference-in-the-time-of-arrival (hyperbolic positioning) technique [Jerauld, 2007] which assumes that the source is at ground level and, in this case, employs the time differences in the arrival of the first peak of the dominant dE/dt return-stroke pulse (shown in Figure 13 ) at 4 stations (stations 1, 4, 8, and 9) in three-station groups. Two of the four three station sets of data provided a single location, while the other two yielded two location solutions each. Whether the technique yields a one or a two-location solution depends on the geometry of the 3 stations relative to the strike point. The agreement between each of the four three-station locations for the common location of the first peak in the dE/dt record in Figure 13 is within several meters. Location of the two following dE/dt peaks in Figure 13 did not produce such consistent solutions. No dE/dt data were available for the second positive stroke and the following negative strokes, so estimates of the locations of these channels were made from video records and were considerably less accurate.
[15] The U.S. National Lightning Detection Network (NLDN), which estimates the locations and peak currents of cloud-to-ground lightning within the contiguous United States, reported peak currents of +50.7, +49.9. À14.2, À13.5, À10 kA for the first five strokes (the sixth stroke was not detected by the NLDN). Some comments on the validity of these values are found in the Discussion section. Interestingly, four of the five interstroke intervals (the five interstroke intervals are 53, 526, 280, 261, and 300 ms) are significantly longer than the typical value of 60 ms given by Rakov and Uman [2003] for negative cloud-to-ground lightning, implying that long continuing currents likely flowed during a portion of these intervals, as verified by video records (see later section on Subsequent Stroke Characteristics).
First Positive Stroke Characteristics
[16] Figure 3 is a frame from the video showing the first positive stroke channel of flash MSE0202, estimated to be 680 m from the camera (located in Instrumentation Station 1, abbreviated IS1 in Figure 1 ). As viewed by this one camera, the channel consisted of an upper horizontal section of length about 300 m at an altitude of about 300 m, a seemingly straight-and-vertical section (partially blocked in the video frame by a structure) extending from ground to a height of about 40 m, and a middle section leaning at an angle of about 60 degrees from vertical, connecting the vertical and horizontal channel sections.
[17] Figures 4 and 5 show portions of overall electric field waveforms for the first stroke of flash MSE0202 measured at five stations, the overall waveform at station 9 being reproduced in Figure 2 . Station 10 did not record data. All of the electric field waveforms consist of a monotonically increasing field change beginning at about 110 ms before The distance to the first-stoke channel is about 290 m. The distance to the second and third stroke channels is on the order of 500 m to 1 km. Note that only the east-west component of the horizontal magnetic field was measured, with the polarity reversal between strokes 1 and 2 (both positive) in B being due to the fact that the two strokes were on roughly opposite sides of the loop antenna. In contrast, the polarity reversal in A and B between strokes 2 and 3 (having the same location) is due to the fact that the two strokes transported charge of opposite polarity (positive and negative, respectively).
time zero (trigger point of the digitizing oscilloscope used), followed by an increase in slope beginning at about À1 ms. The overall positive field change evident in Figure 2 and Figure 4 is presumably due to the downward positive leader propagating from cloud-to-ground. The apparent positive leader duration of over 100 ms (see Figure 2 ) is significantly longer than the typical value of about 35 ms observed for stepped leaders of negative first strokes ], but consistent with positive leader durations reported by Heidler and Hopf [1998] . The channel geometry, especially in-cloud and clear-air horizontal and inclined portions, is likely at least partly responsible for the shape and long duration of the positive first leader electric field seen in Figure 2 .
[18] In Figure 5 at about À40 ms, the electric field of the positive first stroke leader reaches its peak positive value, after which a ''slow-front/fast-transition'' associated with the return stroke is observed, resulting in a reduction of the field (making it less positive) over a period of about 10 ms. The slow-front duration is about 6 -8 ms, followed by the fast transition that abruptly reduces the field in about 2 -3 ms. The slow front duration is consistent with the mean slow front durations reported by others [Cooray and Lundquist, 1982; Hojo et al., 1985; Cooray, 1986a Cooray, , 1986b Cooray et al., 1998 ] for distant positive first return stroke radiation fields, but about a factor of two greater than those reported for the radiation fields of distant negative first return stroke slow fronts [Weidman and Krider, 1978; Cooray and Lundquist, 1982] . However, the field risetime of the fast transition (2 -3 ms overall) is appreciably larger than the values reported by others for distant positive return strokes [Cooray, 1986a [Cooray, , 1986b Ishii and Hojo, 1989; Cooray et al., 1998 ], those being on the order of half a microsecond or less. This discrepancy is likely related to the fact that there appears to be two sequential fast-transitions processes comprising the overall fast transition to field peak. These two periods of rapid field decrease are separated by a change in slope (inflection) for about 1 ms between roughly time À30 ms and À32 ms in the waveforms of Figure 5 . At the end of the overall fast transition, between roughly time À28 ms and À30 ms in Figure 5 , a local peak is observed in the waveforms, followed by a monotonic decrease in the field for several milliseconds. The issue of there being apparently two separate fast transition periods will be further discussed later when the dE/dt waveforms (Figures 12 and 13 ) are considered and in the Discussion section.
[19] Figure 6 is a plot of the leader electric field change versus distance for the first (positive) stroke of flash MSE0202, along with the best fit power law equation , greater than the value of about +30 kV m À1 measured at Station 9 (288 m). This variation is likely due to the complex geometry of the channel (see Figure 3) . For a straight vertical channel, a leader field change that varies with radial distance from the channel as r À1 is indicative of a more-or-less uniformly charged leader channel, at least in the bottom kilometer or so for relatively close field measurements such as ours [Rubinstein et al., 1995] . Jerauld et al. [2008] present data similar to those found in ; and there were several negative-stepped leader field changes similar in magnitude versus range characteristics to that for the present first positive leader field change.
[20] Some parameters of the first positive stroke electric field waveforms, including the overall leader field change and the values of the initial return stroke peaks and the corresponding 30-90% risetimes, are given in Table 2 (the Station 2 waveform illustrating the measured parameters is given in Figure 7) . Overall, the return stroke electric field waveforms of Figure 5 are not dissimilar, except for polarity, from those associated with negative return strokes at similar distances measured by Jerauld et al. [2008, Figure 5] .
[21] Using the current (I)-velocity (v)-electric field (E) relation of the single-wave transmission line model [e.g., Jerauld et al., 2007; Uman and McLain, 1969] 
where m 0 is the permeability of free space, we estimated the peak return stroke current at ground from the local peak at the end of the overall fast transition of each of the electric field waveforms measured at different distances ( Figure 5 ). For equation (1) to be valid, the electric field peak at the end of the fast transition must be pure radiation field, the return stroke speed v must be constant, the ground must be perfectly conducting, and the return stroke channel must be straight and vertical at radial distance r. Equation (1) has been tested by Willett et al. [1988 Willett et al. [ , 1989 Willett et al. [ , 2008 and found to be substantially accurate for negative strokes in triggered lightning (which are similar to subsequent strokes in natural negative lightning) when fields are observed at about 5 km, but its applicability to positive first strokes has never been verified. The peak current was calculated from equation (1) for three assumed return stroke speeds: 1 Â 10 8 , 2 Â 10 8 , and 3 Â 10 8 m s
À1
, and is given in Table 2 . The corresponding mean estimated peak currents (averaged over the five electric field waveforms) were about +137, +69, and +45 kA, respectively. These are probably overestimates since the field peak at the end of the fast transition likely contains additional field components besides the radiation field, as further expounded upon in the Discussion section. As noted earlier, the NLDN estimated first stroke peak current (derived from distant field measurements) was 50.7 kA.
[22] Figures 8 and 9 show electric and magnetic field waveforms, both measured at Stations 4 and 9, for the first (positive) stroke of flash MSE0202. The magnetic field waveforms in Figure 8 indicate that the duration of the first stroke current was on the order of 1 ms (the decay time constant of the B-field measurements was about 15 ms). It is interesting to note that neither the field nor the video records indicate the presence of continuing currents after the first (positive) stroke. As noted in the Introduction, the presence of continuing currents, transferring large amounts of charge, are characteristic of positive return strokes. The electric and magnetic field waveforms both exhibit a slow-front/fasttransition combination. As is evident from Figure 9 , during the slow front and fast transition, the shapes of E and B-field waveforms are very similar at both Stations 4 and 9, especially at Station 4.
[23] Figure 10 shows the electric field waveform (displayed on three times scales) measured at a distance of 45 km for the first (positive) stroke. The waveform was measured at the Gainesville station of the Los Alamos Sferics Array (LASA), which was operated by Los Alamos National Laboratories [Smith et al., 2002] . The sampling interval for these data was 1 ms and the amplitude of the waveform was not calibrated in electric field units. Interestingly, while no clear evidence of leader stepping is present in either the close fields or the close field derivatives recorded by the MSE network, there does appear to be some pulse activity in the distant waveforms during the 2 ms before the return stroke. Further, pulses are observed during the first millisecond after the return stroke.
[24] Figure 11 shows the LASA distant electric field waveform overlaid on the magnetic field waveform measured at Station 9 (288 m). The close and distant waveforms are remarkably similar during the slow front and the fast transition, up to the time of the peak, perhaps indicating that they are both primarily radiation field for that time period, although in the Discussion section we present an argument to suggest that the slow front of the close magnetic field should contain a significant induction field component.
[25] Figure 12 shows dE/dt waveforms measured at four stations for the first (positive) stroke, and Figure 13 gives an expanded version of the latter part of the station 9 waveform. The dominant dE/dt pulse occurring at about À30 ms at station 9 in Figures 12 and 13 is to be associated with the second portion of the fast transition to peak in Figure 5 at station 9 at about À30 ms. The dE/dt waveform of Figure 12 is composed of a slow front (associated with the electric field slow front in Figure 5 ) followed by a fast transition (associated with the rapid field decrease in Figure 5 ). However, most of the slow front in the electric field shown in Figure 5 precedes the dE/dt waveforms in Figure 12 . The initial part of the dE/dt waveform, at the beginning of Figure 12 , is composed of three individual pulses that occur near the end of the slow front in the electric field shown in Figure 5 (at about À33 ms at station 9). Slow front pulses have been reported by Murray et al. [2005] in distant (radiation field) dE/dt waveforms from negative first strokes, as well as from observations of close negative first stroke dE/dt waveforms recorded by the MSE system [Jerauld et al., , 2008 . This first group of three pulses in Figure 12 , when integrated, leads to the rapid rising first part of the fast-transition (before the inflection) in the electric field waveforms of Figure 5 . It follows that it is arguable whether the first group of pulses is to be called slow front pulses or referred to as fast transition pulses. More comments are found in the Discussion section.
[26] A burst of pulses is observed in the dE/dt waveforms, beginning about 10 ms after the peak and hence not evident in Figure 12 or 13, and having a duration of some tens of microseconds. Similar pulses have been observed in the close negative first stroke field derivative waveforms measured by the MSE system [Jerauld, 2007] .
[27] Table 3 gives some parameters of the first (positive) stroke dE/dt waveforms. The ''peak value'' in Table 3 is obtained using a theoretical calibration of the dE/dt antenna gain. The ''scaled peak value'' is determined by comparing the numerically integrated dE/dt with the colocated measured electric field on the assumption that the electric field measurement is the better calibrated of the two [Jerauld et al., 2008] . The scaling factors changed from storm day to storm day, the possible reasons being discussed by Jerauld et al. [2008] . Only stations 4 and 9 had colocated E-field and dE/dt antennas, so only the dE/dt measurements at 4 and 9 could be scaled to colocated electric fields. For station 4 the unscaled peak was multiplied by 1.55 to obtain the scaled peak; for station 9 the scaling factor was 1.9.
[28] The dB/dt waveforms for the first (positive) stroke are shown on a 10 ms timescale in Figure 14 . Both the eastwest and north-south components of the magnetic field derivative were measured at Station 1, but only the eastwest component is discernible, as the north-south component is apparently below the noise level of the measurement. This is likely because the relative azimuth angle between the lightning channel and the plane of the east-west oriented loop sensor (which measured the north-south component of the field) was almost 90 degrees. It follows that the eastwest component measured at Station 1 likely represents the total azimuthal field. No data were recorded at Station 9 due to a problem with the fiber optic link. The dE/dt waveforms measured at Stations 1 and 4 (Figure 12 ) are essentially identical in shape to the corresponding measured dB/dt waveforms. Similar results were found for the dE/dt and dB/dt waveforms of negative first strokes [Jerauld et al., 2008] . The similarity between the dE/dt and dB/dt waveshapes is likely indicative of the waveforms being primarily composed of the radiation field component. The ratio of the electric and magnetic field derivative peaks should be equal to the speed of light, a general result for pure radiation fields propagating along a perfectly conducting plane. The ratios at Station 1 (616 m) and Station 4 (825 m) (at Station 4 dE/dt was scaled to the colocated measured electric field) were found to be about 3.6 Â 10 8 m s À1 and 2.8 Â 10 8 m s À1 , respectively. The ratios given above are reasonably close to the speed of light (3.0 Â 10 8 m s À1 ), given the uncertainty of about 10% in the calibration of each of the electric and magnetic field antennas, and the fact that the dE/dt calibration at station 1 was theoretical and not scaled to a colocated electric field measurement, as was the case at station 4.
Subsequent Stroke Characteristics
[29] Figures 15 and 16 show portions of the electric field waveforms of Figure 2 from the second (positive) stroke of flash MSE0202, and Figure 17 shows electric field waveforms from the third (negative) stroke, also evident at the end of the waveform of Figure 2 . Video records indicate that both the second and third strokes (as well as strokes 4 -6) followed the same channel to ground, with these channels possibly including horizontal and inclined sections, similar to that of the first stroke channel. The video records were relatively poor in quality, and hence we have not included them here. While we cannot determine the location of the subsequent stroke channels with any precision, video records place them in the northwest area of the site, and our best estimates of the location and of the area of uncertainty are shown in Figure 1 , upper left corner.
[30] The duration of the second downward positive leader is about 35 ms, which is very close to the typical values observed for negative downward stepped leaders. The leader electric field changes at the five measurement stations ranged from about +16 to +13 kV m
À1
. The fine structure of the microsecond-scale return stroke electric field waveforms (Figure 16 ) is similar to that observed for the first (positive) stroke (e.g., Figure 5 ), although the slow front portion of the latter is more pronounced relative to that of the former. However, both first and second positive stroke waveforms exhibit an inflection in the electric field (at about 53.06 ms in Figure 16 ) during the fast transition as well as a local peak at the end of the fast transition. Electric field and video records indicate that the second positive stroke was followed by a long continuing current that had a duration of at least 400 ms, consistent with the characteristics of positive lightning discharges noted in the Introduction, that positive return strokes tend to be followed by continuing currents that typically last for tens to hundreds of millisecond.
[31] The duration of the third (negative) leader is about 1 ms, consistent with the typical duration of a negative descending dart leader . The leader electric field changes at the five stations ranged from about À0.9 to À1.8 kV m
, these values being consistent with those measured for negative dart leaders at distances on the order of 1 km. The signature of two M components are observed superimposed on the electric field waveforms at about 0.6 and 3 ms after the return stroke. M components are current pulses, superimposed on the continuing current of some tens to hundreds of amperes, that typically have amplitudes of hundreds of amperes and risetimes of some hundreds of microseconds [Rakov et al., 2001] . Video records indicate that the third (negative) stroke was followed by a long continuing current having a duration of about 165 ms, comparable to the total interstroke interval duration of 280 ms, while the next three negative strokes exhibited optically observable continuing currents of 230 ms (interstroke interval duration 260 ms), 70 ms (interstroke interval duration about 300 ms), and 100 ms. A flash containing four negative strokes, each followed by a long Figure 10 . Electric field of the first positive stroke measured at a distance of 45 km by the Los Alamos Sferics Array (LASA). The waveform is displayed on (a) 2-ms, (b) 1.5-ms, and (c) 500-ms timescales. The amplitude of the waveform has been normalized to its initial peak. Time zero corresponds to the beginning of the fast transition. Data provided courtesy of Los Alamos National Laboratories (LANL). continuing current, is a relative rare event in itself. Valine and Krider [2002] found 2 of 251 multiple-stroke negative flashes and Saba et al. [2006a] found none of 186 multiplestroke negative flashes with four or more strokes followed by long continuing current. It has been shown that continuing current is preferentially initiated by negative return strokes with peak currents roughly equal to or smaller than the typical (as inferred from the measured electric fields [Shindo and Uman, 1989; Rakov and Uman, 1990; Saba et al., 2006b] ), a finding not inconsistent with the NLDN inferred peak currents of À14.2, À13.5, and À10 kA for three of the negative strokes of the bipolar flash, values near the median subsequent stroke value of À12 kA reported by Berger et al. [1975] .
Discussion
[32] The geometry of the first positive stroke shown in Figure 3 does not appear to satisfy the requirement of the transmission line model that the channel be straight and vertical, leading to equation (1), unless the slow front/fast transition fields emanate from the bottom 40 m or so of the channel above ground, that portion of the channel apparently being more-or-less straight and vertical. The fact that the locations given by the four dE/dt time-of-arrival threestation solutions (computed assuming the source was at ground level) for the first part of the dominant dE/dt pulse (associated with the second portion of the electric field fast transition) agree to within a few meters suggests that the second part of the fast transition was indeed radiated from current in that bottom 40 m channel portion. Thus it is certainly possible that the initial peak of the electric field was also radiated from that straight, vertical bottom channel portion, leading to the reasonable results that are obtained from the use of equation (1), as discussed below. As part of the following discussion, we also provide an argument for the reasonableness of NLDN's values for the peak currents of the two positive return strokes.
[33] The NLDN peak current values calculated for the first five strokes of the bipolar flash, +50.7, +49.9, À14.2, À13.5, À10 kA, are each assumed in the NLDN calculation to be proportional to the associated NLDN-measured distant peak electric and magnetic fields (radiation fields), with the proportionality constant having been determined from a comparison of direct current measurements on negative strokes in rocket-triggered lightning and the measured distant radiation fields of the rocket-triggered strokes, account having been taken of rf signal attenuation due to propagation effects [Cummins et al., 1998; Jerauld et al., 2005; J. A. Cramer et al., Recent upgrades to the U.S. national lightning detection network, paper presented at the 18th International Lightning Detection Conference, Vaisala, Inc., Helsinki, Finland, 7 -9 June, 2004] . Rocket-triggered strokes are thought to be very similar to subsequent strokes in natural negative flashes. Currently, there are no positive return stroke peak current measurements that have been compared with the corresponding NLDN-reported values to confirm that the negative triggered-lightning (negative subsequent stroke) calibration is valid for positive first strokes. Possibly related to this issue is the fact that the NLDNreported return stroke currents for the first two positive strokes, both near 50 kA, are higher than the median value of +35 kA reported by Berger et al. [1975] for positive first strokes measured on towers in Switzerland, while the NLDNreported peak currents of the three negative subsequent strokes, À14, À14, À10 kA, are consistent with the median value of À12 kA reported by Berger et al. [1975] and Anderson and Eriksson [1980] from direct tower measurements for negative subsequent strokes.
[34] The electric field measured at close range in our experiments can be considered to be composed of three field components: radiation, induction, and electrostatic [e.g., Jerauld et al., 2007] . For a hypothetical electric field waveform composed of a single frequency, the magnitudes of the radiation field component, induction field component, and the electrostatic field component of the total electric field are equal at a distance r = l/2p where l is the wavelength associated with that single frequency (l = c/f, where c is the speed of light [e.g., Stratton, 1941, p. 435] ). At distances closer than l/2p the electrostatic field dominates. At greater distances, the radiation field dominates. A return stroke slow front electric field having a duration of, for example, 5.0 ms can be considered more or less equivalent to one quarter of a sine wave of period 20 ms, representing an effective frequency of 50 kHz and an effective wavelength of 6 km. The magnitude of the three field components of the slow front, to the extent that the slow front can be approximated by a single frequency sine wave, would thus be equal near 1 km, two or three times greater than the distances at which our measurements were made. Our slow fronts ( Figure 5 ) are 6 to 8 ms, increasing Figure 14 . First positive stroke dB/dt waveforms on a 10-ms timescale. Note that both the east-west (EW) and north-south (NS) components of the field were measured and calculated at Station 1, while only the east-west component was measured at Station 4. Station 9 was not functioning. somewhat the distance at which the three field components are equal, by the argument above. It follows that the slow fronts contain a sizable, perhaps dominant, electrostatic component. The fast transition following the slow front, leading to the sharp local peak in the electric field waveforms of Figure 5 , consists of two rapidly rising sections that contain much higher frequency components than the slow front and thus are likely to be mostly radiation field at our measurement distances.
[35] If we assume that the peak values of the sharp local peaks are pure radiation field when they actually contain additional field components (and assume that there is no significant attenuation of the peaks due to propagation effects), we should obtain from equation (1) an overestimation of the peak current. The value of +45 kA in Table 2 , corresponding to a return stroke speed of 3 Â 10 8 m s À1 (the speed of light), is closest to the NLDN-reported value of about +50 kA. The +45 kA value can also be obtained from equation (1) if both (1) the speed is lower than the speed of light and (2) potential electrostatic and induction field components are subtracted from the total measured field, leaving only the radiation field component. If, for example, we assume that the NLDN-reported peak current of +50 kA is correct and that our return stroke electric field peaks are composed of about 60% radiation field, the return stroke speed calculated from equation (1) would be near 2 Â 10 8 m s
À1
; if the field peaks are only 30% radiation field, the calculated speed would be near 1 Â 10 8 ms
. Mach and Rust [1993] , Idone et al. [1987] , and Jerauld et al. [2004] (the latter two are for rare positive subsequent strokes in rocket-triggered lightning), all reported positive return stroke speeds near 1 Â 10 8 m s
, while Nakano et al. [1987] reported a positive return stroke speed of 2 Â 10 8 m s À1 . We can conclude that there is reasonable consistency between the NLDN-reported peak current value and the peak current for the first positive stroke that we calculate from equation (1) using close measured electric field peaks (taking account of the fact that the close fields are not pure radiation fields) and assuming reasonable returnstroke speeds.
[36] While the exact distances from the second positive stroke to the measurement stations are not known, they are in the same general range as for the first positive stroke, as is evident from Figure 1 . Additionally, the initial field peak values for the second positive stroke, shown in Figure 16 , are similar to those shown in Figure 5 for the first positive stroke. Thus it is reasonable that the NLDN-reported peak current value for the second stroke, about 50 kA, is essentially the same as for the first stroke, since they are both derived from apparently more or less equal distant radiation field values.
[37] Averaging the normalized (to 100 km using an inverse distance relationship) positive first stroke dE/dt peak waveforms measured at Stations 1, 4, 8 and 9, we find that our mean dE/dt peak value is about 20 V m À1 ms À1 . This value is very similar to the normalized mean value of 22 V m À1 ms À1 reported by Cooray et al. [1998] for 22 positive dE/dt waveforms that propagated over tens to hundreds of kilometers of seawater. This value is also very similar to that obtained for the close negative first return strokes reported by Jerauld et al. [2008] , and about half the value reported by Krider et al. [1996] for negative first strokes propagating over seawater. In contrast Heidler and Hopf [1998] reported (for lightning over land in Germany) that the mean dE/dt peak for positive strokes was appreciably higher than for negative strokes.
[38] For the measured dE/dt peak values, assumed to be pure radiation field, and with an assumed return stroke speed of about 2 Â 10 8 m s À1 , the TL model (equation (1)) predicts the peak dI/dt value of the first (positive) stroke to be roughly +50 kA ms
. For an assumed speed of 1 Â 10 8 m s
, the TL model predicts a peak dI/dt value is +100 kA ms
. Krider et al. [1996] calculated a mean peak dI/dt value of 115 kA ms À1 for negative first strokes from measurements of 63 negative first stroke dE/dt waveforms that propagated over tens to hundreds of kilometers of seawater and application of equation (1) with an assumed speed of 2 Â 10 8 m s À1 .
[39] Figure 12 shows the overall dE/dt waveform measured at Station 9, 288 m from the first positive stroke. Both the initial broad pulse (around À32 ms at Station 9) and the dominant pulse (around À30 ms at Station 9 and shown expanded in Figure 13 ) exhibit multiple peaks. The gap between the two main pulse groups in Figure 12 is consis- Figure 16 . Second (positive) stroke electric field waveforms on a 37-ms timescale. Station 10 was not functioning. tent with the inflection point (brief change in slope) observed in the corresponding electric and magnetic field waveforms (Figures 5 and 9 ). Clearly both dE/dt pulse groups contribute to the two-step fast transition observed in the electric field waveforms (Figure 5 ), although one could argue from the literature on negative first stroke fields [e.g., Jerauld et al., 2008] that the initial dE/dt pulse group and the corresponding initial rapid E-field rise to the inflection point in the first part of the overall fast transition (around À32 ms at Station 9 in Figure 5 ) is to be associated with the slow front. The matter appears to be one of terminology rather than of physics. From a physical point of view, all of the dE/dt pulses evident in Figure 12 are likely associated with common processes. As noted by Murray et al. [2005] and by Jerauld et al. [2008] for negative first return strokes, when viewed on an expanded timescale, the slow front and fast transition in both electric field and dE/dt often appear to be one continuous process (that is, there is no clear transition point between the slow front and the fast transition). Thus it may well be that the latter part of the attachment process, involving the connection of upward (from ground) and downward leaders and the formation of the return stroke, is indeed a continuous process involving multiply-connected upward and downward leaders that are characterized by the multiple dE/dt pulses seen in Figure 12 , culminating in the final dE/dt pulse associated with the final rise of the return stroke current to peak value. Thus from a physical point of view, in both negative and positive first strokes, the dE/dt pulses that occur during the slow front (often called slow front pulses) may well have a common generation mechanism as the dominant (usually final) dE/dt pulse (called the fast transition pulse) in the sequence of dE/dt pulses that represent the physical processes associated with return stroke initiation. 
